The influenza virus genes that confer efficient transmission of epidemic and pandemic strains in humans have not been identified. The rapid spread and severe disease caused by the 1918 influenza pandemic virus makes it an ideal virus to study the transmissibility of potentially pandemic influenza strains. Here, we used a series of human 1918-avian H1N1 influenza reassortant viruses to identify the genetic determinants that govern airborne transmission of avian influenza viruses. We have demonstrated that the 1918 HA gene was necessary for efficient direct contact transmission, but did not allow respiratory droplet transmission between ferrets of an avian influenza virus possessing an avian polymerase subunit PB2. The 1918 PB2 protein was found to be both necessary and sufficient for airborne transmission of a virus expressing the 1918 HA and neuraminidase. Also, it was found that influenza viruses that were able to transmit efficiently in ferrets were able to replicate efficiently at the lower temperature (33°C) found in the environment of mammalian airway. These findings demonstrate that the adaptation of the HA and PB2 proteins are critical for the development of pandemic influenza strains from avian influenza viruses. ferrets ͉ 1918 pandemic 
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ferrets ͉ 1918 pandemic I nfluenza pandemics occur after the emergence of a novel influenza A virus subtype that can efficiently replicate and spread among humans, due to lack of preexisting immunity to the novel hemagglutinin (HA). At present, the avian influenza H5N1 subtype virus, responsible for at least 387 human H5N1 infections and 245 deaths (1, 2) , is considered a significant threat to global public health (3, 4) . However, these viruses have failed to transmit efficiently between humans, a critical property of pandemic influenza strains. The severe disease caused by H5N1 viruses raises the possibility of another pandemic similar to the ''Spanish'' influenza pandemic of [1918] [1919] , which resulted in an estimated 50 million deaths worldwide (5) . Despite active investigation (6, 7) , the exact influenza virus genes that confer efficient transmission of epidemic and pandemic strains in humans have not been identified.
The recent reconstruction and characterization of the highly pathogenic and transmissible 1918 H1N1 pandemic strain provides a useful tool to understand the factors that may lead to the emergence of future pandemic influenza viruses (8) . The ability of the 1918 pandemic virus to transmit through the air by means of respiratory droplets is of particular interest, because efficient transmission by means of this route is a critical property of pandemic influenza strains. Studies to investigate the transmissibility of the 1918 pandemic virus have been carried out in ferrets, which, based on accumulated data, are the best available animal model to study transmission of avian and human influenza viruses (7, (9) (10) (11) . The reconstructed 1918 virus is both transmissible and lethal to ferrets (12) . The receptor binding preference of the 1918 HA is critical for this high-transmissibility phenotype in ferrets (12) . Influenza viruses use cell surface glycans with terminal sialic acid (SA) moieties as receptors for cell entry. Avian influenza virus HAs preferentially recognize ␣2,3 linked SA receptors, which are abundant in the gastrointestinal tract of poultry and wild birds (13) , whereas those from human viruses preferentially recognize ␣2,6 linked SA receptors, which are present in the upper respiratory tract of both humans and ferrets (14) (15) (16) (17) (19) . Generation of a mutant 1918 virus with an ␣2,3 binding HA (AV18) resulted in loss of transmissibility in the ferret model (12) . This finding suggests that a binding preference for ␣2,6 linked SA receptors was an essential property of the 1918 pandemic strain, and is consistent with the observation that the pandemics of 1957 and 1968 were also caused by viruses with a preference for ␣2,6 linked SA (16) . However, it remains unclear whether this ''human'' receptor binding preference is sufficient for transmission among mammals. Also, the precise influenza virus genes required of an avian influenza virus to transmit efficiently through the air has remained elusive.
In the present investigation, we used the reconstructed 1918 influenza virus and ferrets as a model to identify the genetic determinants that confer the transmission phenotype observed among human influenza viruses. We report here that H1N1 recombinant influenza viruses possessing the 1918 HA and polymerase subunit PB2 spread efficiently through the air to naive ferrets. These findings demonstrate that the adaptation of the HA and PB2 proteins are critical for the development of pandemic influenza strains from avian influenza viruses, and The authors declare no conflict of interest. 1 To whom correspondence should be addressed. E-mail: tft9@cdc.gov.
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serve as an important baseline that can now be extended to other subtypes, including H5N1, which pose an immediate pandemic threat.
Results
Transmissibility of Avian and Human H1N1 Influenza Viruses. Using the ferret model, we examined the airborne transmissibility (referred to as respiratory droplet transmissibility) of modern H1N1 avian and human influenza viruses. In these studies, 3 animals were inoculated intranasally (i.n.) with 10 6 pfu of virus; Ϸ24 h later, inoculated-contact animal pairs were established by placing a naive ferret in each of 3 adjacent cages with perforated side walls, allowing exchange of respiratory droplets without direct or indirect contact (7) . Virus replication was monitored in both inoculated and contact animals by collection of nasal washes (NWs) and titration of virus by serial dilution in embryonated chicken eggs as previously described (7) . Also, transmission to contact animals was assessed by the titration of virus specific antibodies in convalescent serum [collected days 18-21 postinoculation (p.i.)/postcontact (p.c.)] by using a hemagglutination inhibition (HI) assay. Overall, we found that 5 modern avian H1N1 strains possessing ''avian'' receptor binding amino acids (Glu 190 and Gly 225 ) did not transmit to contact animals by means of respiratory droplets, whereas efficient transmission occurred with a human H1N1 virus possessing human receptor binding residues (Asp 190 and Asp 225 ) [supporting information (SI) Table S1 and Fig. S1 ]. All viruses tested replicated to high titers in the ferret upper respiratory tract with similar kinetics in the inoculated animals (Table S1 and Fig. S1 ).
Two representative avian influenza viruses, A/Duck/Alberta/ 35/76 (Dk/Alb/76) and A/Duck/New York/15024-21/96 (Dk/NY/ 96), were examined further for the ability to transmit by direct contact. In these experiments, a naive animal was placed in the same cage as each of 3 inoculated animals, such that paired animals had both direct contact with each other and indirect contact by means of shared food and water sources. Dk/Alb/76 and Dk/NY/96 viruses transmitted inefficiently between ferrets by direct contact, with virus recovered from the NWs of and seroconversion detected in 1 of 3 contact animals (Table 1) . Collectively, these findings indicate that, unlike human H1N1 viruses, avian H1N1 viruses do not transmit efficiently by either respiratory droplets or direct contact in the ferret model, consistent with the transmission data obtained with contemporary avian influenza H5N1 viruses (7). by introduction of point mutations into the HA. Recombinant viruses containing either the mutant (Dk/NY/96-DD) and a wild-type HA (Dk/NY/96) were rescued by using standard reverse genetics techniques, and the receptor binding phenotype of each virus was verified by using a previously described red blood cell (RBC) resialylation assay (20) . As expected, the wild-type Dk/NY/96 virus agglutinated ␣2,3 but not ␣2,6 resialylated RBCs, whereas the Dk/NY/96-DD mutant virus agglutinated ␣2,6 but not ␣2,3 SA containing RBCs (data not shown). Neither Dk/NY/96-DD nor the parental avian virus (Dk/NY/96) transmitted to contact animals in respiratory droplet experiments (Table 2 , Fig. S2 ), and both viruses transmitted to only 1 of 3 contact animals in the direct contact transmission model ( Fig. 1 A and B and Table 1 ). Next, a Dk/NY/96-DD virus containing the 1918 neuraminidase (NA) protein (1918NA:Dk/ NY/96-DD) was generated to exclude the possibility that the lack of transmission observed with Dk/NY/96-DD was due to HA-NA incompatibility, and to investigate a possible role for NA in transmission. This virus did not show enhanced transmissibility in contact or respiratory droplet experiments (Fig. 1C , Table 1 , and Fig. S2 ), suggesting that 1918 NA alone is not sufficient for virus transmission. A virus containing the HA and NA from the 1918 pandemic virus with remaining Dk/NY/96 virus genes (1918HANA:Dk/NY/96) also failed to transmit by means of respiratory droplets; virus was not detected in contact ferret NWs, and no seroconversion of contact animals was observed ( Fig. 2A, Table 2 ). However, this virus transmitted to 100% of contact animals in multiple direct contact experiments, supporting a specific role for the 1918 HA in virus transmission among ferrets (Fig. 1D and Table 1 ). It is important to note that lack of efficient transmission of avian H1N1 viruses or reassortant H1N1 viruses in these experiments cannot be attributed to reduced virus replication in the upper respiratory tract of ferrets. To address the possibility that nontransmitting viruses replicated less efficiently than those that transmitted, we performed a statistical analysis of day 1 virus titers in directly inoculated animals. Day 1 was chosen based on the observation that in efficiently transmitting viruses, virus was present in contact (Fig. 2 A, Table 2 ). To identify internal proteins from the 1918 pandemic virus that confer respiratory droplet transmissibility, we constructed a series of 1918:Dk/NY/96 reassortants containing selected internal genes as well as the HA and NA proteins from the 1918 pandemic strain. Strikingly, a virus containing the 1918 PA, PB1, and PB2 genes, in addition to the HA and NA, transmitted to 2 of 3 naive ferrets by the respiratory droplet route, suggesting that the polymerase complex has a critical role in this mode of transmission of the 1918 pandemic strain (Fig. 2B, Table 2 ). To identify which genes from the polymerase complex were responsible for this enhanced virus transmissibility, we generated a series of reassortant viruses containing the 1918 HA, NA, and either the 1918 PA, PB1, or PB2 genes. The viruses containing the PA or PB1 genes did not transmit by respiratory droplets, despite efficient replication in the ferret upper respiratory tract of inoculated animals ( Fig. 2 C and D and Table 2 ). In contrast, a virus containing the HA, NA, and PB2 genes from the 1918 virus transmitted efficiently to all naive ferrets, as measured by both virus detection in NWs and seroconversion ( Fig. 2E and Table 2 ). To confirm the role of PB2 in virus transmission, we tested a virus containing the Dk/NY/96 PB2 gene with all remaining genes from the 1918 pandemic virus (Dk/NY/96-PB2:1918). Compared with the fully reconstructed 1918 pandemic strain, which transmitted rapidly and efficiently to contact animals by means of respiratory droplets, the 1918 virus containing the avian PB2 (Dk/NY96-PB2:1918) transmitted inefficiently (Fig. 2F, Table 2 ). These results demonstrate a requirement for the PB2 gene in this efficiently transmitting pandemic strain.
Role of PB2 Position 627 in Avian H1N1 Virus Transmissibility. The presence of a lysine residue at position 627 of the 1918 PB2 protein was of particular interest, as this residue has been previously identified as a determinant of pathogenicity for H5N1 viruses, and has been suggested to allow more efficient growth at the lower temperatures encountered in the upper airway of mammals (21, 22) . To test the hypothesis that a lysine at position 627 in the 1918 PB2 protein is necessary for transmission, we tested the transmissibility of a mutant 1918 virus containing the avian consensus residue, a glutamic acid, at this position (1918-PB2-K627E). This mutation resulted in greatly reduced transmission (1/5 animals positive) in respiratory droplet studies, but did not affect the ability of the virus to transmit in direct contact experiments (Fig. 3) . Sequencing of viruses from inoculated and contact animals demonstrated maintenance of the K627E mutation; no wild-type revertant viruses were observed. This pattern of transmission suggests that a lysine at PB2 position 627 is specifically necessary for transmission of the 1918 virus through the air.
To elucidate how the PB2 gene, and amino acid position 627 in particular, affects the transmissibility of avian H1N1 viruses, we evaluated the plaque phenotypes of the 1918-avian H1N1 influenza reassortant viruses (Fig. 4) . The residue 627 was shown to contribute to host range and to the temperature sensitivity of , and the1918 HA, NA, and PB2 (E). Also, the transmissibility of a 1918 virus containing the Dk/NY/96 PB2 gene was examined (F). All animals were housed individually in specialized cages that permit exchange of respiratory droplets, but prevent direct or indirect contact between inoculated-contact animal pairs. One day p.i., a naive contact animal was placed in each adjacent cage. Viral replication was monitored by titration of NWs collected every other day in both inoculated (Left) and contact (Right) animals. The limit of detection was 10 1.5 EID50/mL, and is indicated by a solid line on each representation. avian viral replication in mammalian cells (23, 24) . Plaque assays were performed in triplicate and incubated at either 37°C or 33°C. We found that the reconstructed 1918 virus was able to form plaques at both 37°C and 33°C (Fig. 4A) . In contrast, reassortant viruses possessing a glutamic acid at position 627 (K627E) were unable to form significant plaques, indicating a substantial impairment in plaque formation at the lower temperature. Also, avian H1N1 virus and human 1918 virus containing PB2 from avian virus could not form plaques at the lower temperature. However, the PB2 gene from the human 1918 pandemic strain, not the HA and NA gene, can support an avian H1N1 virus to form clear plaques at the lower temperature (Fig.  4) , confirming the importance of a human adapted PB2 gene for efficient virus transmission by supporting virus replication in the lower temperature environment present in the mammalian airway.
Discussion
Collectively, the findings presented in this study demonstrate that the 1918 HA and PB2 contribute to the transmissibility of the 1918 pandemic influenza virus. Transmission did not occur for avian influenza viruses with a ␣2,3 SA receptor specificity, for avian viruses with mutations in the HA gene conferring a specificity for alpha 2,6 receptors, or for avian viruses with such mutations and the 1918 NA gene. Although the reassortant viruses and the 1918 mutants possessed the 1918 NA, the 1918 NA protein alone was not sufficient for transmission of an avian virus with a receptor specificity for ␣2,6 SA receptor preference.
The receptor binding specificity of virus surface HA is shown here to be critical for transmission by direct contact. However, in the absence of other factors, this receptor specificity is insufficient for respiratory droplet transmission. Avian reassortant or wild-type H1N1 viruses containing an avian PB2 gene failed to spread to naive ferrets by respiratory droplets, whereas viruses containing the PB2 protein from the human 1918 pandemic strain, along with the 1918 HA transmitted efficiently by means of respiratory droplets. Our findings suggest that human adaptation of the PB2 proteins of avian influenza viruses, including potentially pandemic H5N1 viruses, is required to generate viruses readily transmissible through the air. All 3 of the 20th century influenza pandemics were caused by viruses containing human adapted PB2 genes. Recent work has examined the sequences of human and avian PB2 proteins and, based on amino acid alignments, have identified a set of 6 amino acids hypothesized to be responsible for human-to-human transmission (25) . Alignment of Dk/NY/96 virus and 1918 virus PB2 proteins show a total of 10-aa differences, at positions 108, 114, 199, 473, 475, 477, 539, 576, 627, and 702. These changes occur in domains that are suggested by previous research to have various functions including mRNA cap-binding and PB1 binding (26) (27) (28) . Although testing each mutation was beyond the scope of this work, we did see a clear affect of the K627E PB2 mutation on transmission of the 1918 virus through the air. It is interesting to note that, in general, lysine is present at 627 among the human influenza viruses that do transmit efficiently, whereas a glutamic acid is found in the position among the avian influenza isolates.
Identification of the PB2 protein as a critical determinant of respiratory droplet transmission in the ferret suggests a number of interesting hypotheses concerning the mechanism of transmission among mammals. Several studies demonstrate that the PB2 protein from pathogenic H5N1 isolates can increase virulence by enhancing replicative efficiency both in vitro and in vivo, but does not alter cell tropism (21, 29) . Also, it has been shown that the H5N1 PB2 contributes to increased replication at lower temperatures encountered in the nasal passages of mice (22) . In the current study, the K627 to E mutation resulted in a substantial impairment in plaque formation at the lower temperature. However, it is interesting to note that despite the reduction in plaque size in vitro, the 627E mutant virus reached similar peak titers as the parental 1918 virus in vivo. The NWs most likely contain a collection of viruses from multiple cell types present in the ferret airway and not solely from cells that are responsible for efficient virus transmission. Thus, it is reasonable to speculate that the 627E mutant virus is not replicating efficiently in the putative airway cells involved in shedding the virus into the air. Also, the 1918 HA protein, which is shown here and previously to be a determinant for direct contact transmission, binds specifically to goblet cells in ferret as well as human respiratory tissue(s) (12, 30) . Enhanced cell tropism, provided by the HA, could allow viruses to bind a subset of cells in the upper respiratory tract that are critical for transmission. However, PB2 may be further required to optimize replication after entry into these cells; thus, promoting transmission. Examination of the tissue distribution of the reassortants evaluated here, as well as in vitro studies in primary respiratory cell cultures, may provide clues as to the mechanism of enhanced transmission.
Materials and Methods
Viruses. Wild-type virus stocks were grown in the allantoic cavity of 10-to 11-day-old embryonated eggs of a hen (10) . The EID 50 titer for each stock was calculated by the method of Reed and Muench after serial titration in eggs (31) . Recombinant virus stocks were grown on Madin-Darby canine kidney (MDCK) cells, by using the previously described reconstructed genes of the 1918 pandemic influenza virus (32) and reverse genetics system (33) (34) (35) . The PFU titer for each cell-grown stock was determined by plaque assay (8) . Department of Agriculture/Centers for Disease Control Select Agent Program (36) . Staff conducting this research were on antiviral prophylaxis and adhered to stringent biosafety precautions to protect the researchers, the environment, and the public.
Ferret Transmission Studies. Male Fitch ferrets 6 -12 months of age (Triple F Farms) were used in all transmission studies. Ferrets were housed throughout each experiment in cages within a Duo-Flo Bioclean mobile clean room (Lab Products) and were determined to be negative for antibody to circulating influenza A (H1N1, H3N2) and Influenza B viruses. Ferrets were inoculated with 10 6 pfu or EID50 of virus in a total volume of 1 mL (500 L per nostril), and NWs were collected every 48 h (10) . Respiratory droplet and contact transmission experiments were conducted as previously described (7) (Fig. S3) . Convalescent serum from all ferrets was collected days 18 -21 p.i./p.c. and tested for H1 HA antibodies by using homologous virus and 0.5% turkey or 1% horse RBCs as described (37) .
Determination of Plaque Morphology. Confluent monolayers of MDCK cells on 6-well plates were inoculated in triplicate with indicated recombinant viruses for 1 h. After incubation, the cells were washed, and an overlay consisting of a mixture of 1.6% agarose and double-strength L-15 medium (Cambrex Bio Science), with N-p-tosyl-L-phenylalanine chloromethyl ketone (TPCK)-treated trypsin (Sigma-Aldrich) was added to the cells. After incubating at either 37°C or 33°C for 48 h, cells were fixed, stained with 0.1% crystal violet, and visualized for plaque morphology.
